The timing of sleep is tightly governed by the circadian clock, which contains a negative transcriptional feedback loop and synchronizes the physiology and behavior of most animals to daily environmental oscillations. However, how the circadian clock determines the timing of sleep is largely unclear. In vertebrates and invertebrates, the status of sleep and wakefulness is modulated by the electrical activity of pacemaker neurons that are circadian regulated and suppressed by inhibitory GABAergic inputs. Here, we showed that Drosophila GABA A receptors undergo rhythmic degradation in arousal-promoting large ventral lateral neurons (lLNvs) and their expression level in lLNvs displays a daily oscillation. We also demonstrated that the E3 ligase Fbxl4 promotes GABA A receptor ubiquitination and degradation and revealed that the transcription of fbxl4 in lLNvs is CLOCK dependent. Finally, we demonstrated that Fbxl4 regulates the timing of sleep through rhythmically reducing GABA sensitivity to modulate the excitability of lLNvs. Our study uncovered a critical molecular linkage between the circadian clock and the electrical activity of pacemaker neurons and demonstrated that CLOCK-dependent Fbxl4 expression rhythmically downregulates GABA A receptor level to increase the activity of pacemaker neurons and promote wakefulness.
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In Brief
The circadian clock regulates the timing of sleep, but the underlying mechanisms are still not fully understood. Li et al. showed that CLOCK-dependent Fbxl4 expression rhythmically downregulated GABA A receptors to increase the activity of pacemaker neurons and promote wakefulness.
INTRODUCTION
Sleep is an essential and evolutionarily conserved behavior from worms to humans [1, 2] . It is tightly governed by two independent processes: the circadian clock that determines the timing of sleep and the homeostatic mechanism that controls the amount and depth of sleep [1, 3] . The circadian clock contains a negative transcriptional feedback loop to synchronize the physiology and behavior of most animals to daily environmental oscillations [4] [5] [6] . The timing of sleep can be thought of as an output of the circadian clock. Several molecules, such as melatonin, prokineticin 2, and WAKE, have been identified as clock output molecules that regulate the timing of sleep [7] [8] [9] .
The circadian clock also regulates the electrical activity of pacemaker neurons, which modulate the status of sleep and wakefulness [10] [11] [12] [13] . In vertebrates and invertebrates, the circadian clock drives antiphase oscillations of sodium and potassium conductance to control the daily cycling of membrane potential in pacemaker neurons [14] . It also drives rhythmic transcription of several ion channels in the mammalian suprachiasmatic nucleus, including L-and T-type Ca 2+ channels, BK channels, and K2P K + channels [15, 16] . Conversely, the electrical activity of pacemaker neurons is suppressed by inhibitory GABAergic inputs, the major source of inhibitory signaling for mammalian CNS and Drosophila arousal-promoting large ventral lateral neurons (lLNvs) [11, [17] [18] [19] . In Drosophila, lightdriven arousal is induced by the release of pigment dispersing factor (PDF) from lLNv neurons [11, 20, 21] , whose activity is circadian regulated and suppressed at night by inhibitory GABAergic inputs [20] [21] [22] [23] . WAKE has been shown to act as a clock output molecule to upregulate the level of the GABA A receptor Resistant to dieldrin (RDL) and promote its localization to the cell surface at dusk [9] , which indicates that the RDL level is oscillated in lLNvs to synchronize with inhibitory GABAergic inputs and sleep behavior. However, the molecular mechanism underlying RDL degradation is unknown.
In this study, we reveal that CLOCK activity upregulates fbxl4 transcription and Fbxl4 levels in lLNvs rise during the night and peak at dawn. Increasing Fbxl4 levels promote RDL ubiquitination and degradation, reducing their sensitivity to GABA signaling and relieving the inhibition of the lLNv arousal circuit. Our study demonstrated that CLOCK-dependent Fbxl4 expression rhythmically downregulates GABA A receptor to facilitate arousal at dawn.
RESULTS

RDL Levels Undergo Rhythmic Degradation in lLNvs
To compare the level of RDL (CG10537, gene ID: 39054) in lLNvs during the day and at night, we generated an antibody against RDL and found this antibody could efficiently detect endogenous RDL in the lLNv somata but weakly detect RDL in the small LNv (sLNv) somata, which is consistent with the previously reported distribution pattern of RDL [11, 19] (Figure S1A ). Outside of soma, RDL appeared as puncta in the terminals of the accessory medulla but was absent in the posterior optic tract of lLNvs (Figures S1A and S1B). We also validated the specificity of the anti-RDL antibody by immunostaining. We found that anti-RDL signals were significantly reduced in lLNvs when we used pdf-GAL4 RNAi to repress RDL expression ( Figure S1A ). Besides, the anti-RDL staining showed a similar subcellular pattern as the anti-hemagglutinin (HA)-tag staining in the lLNvs of pdf-GAL4/UAS-RDL-HA flies ( Figure S1C ). Next, we conducted immunostaining analysis and found a relatively higher endogenous RDL level in wild-type (WT) lLNv somata during ZT13-ZT15 than ZT1-ZT3 (ZT0 denotes the time that light was turned on; Figure 1A ). These results suggested that lLNvs have more RDL receptors at night than during the day.
To assess whether the elevated RDL level reflects an increased number of RDL on the cell surface, we measured the saturated GABA-gated currents in lLNvs during the day and at night by holding the membrane potential of lLNvs at either À90 mV ( Figure 1B ) or À30 mV ( Figure S2A ) [9, 23] . We validated that these currents were completely blocked by the GABA A receptor inhibitor picrotoxin (PTX; 200 mM; Figures 1B and S2A) [19] . The saturated GABA-gated currents in lLNvs were significantly increased at ZT13-ZT15 compared to that at ZT1-ZT3 ( Figures 1B, S2A , and S2B), which suggested that the cell surface expression of RDL also underwent daily oscillation in lLNvs. We further conducted whole-cell current-clamp recordings in lLNvs to investigate whether the increased RDL level during the night altered the electrophysiological properties of lLNvs. We reproduced the firing difference between day and night in WT lLNvs as previously reported [20] and found that lLNvs showed high activity with tonic spontaneous action potential (AP) firing and frequent spike bursts at ZT1-ZT3 (11/12 cells), whereas lLNvs displayed low activity with rare bursts at ZT13-ZT15 (9/11 cells; Figures S2C-S2G ). These observations were also supported by the recent report showing a calcium peak in the morning in lLNvs [24] . Taken together, these data demonstrate that RDL levels exhibit a daily oscillation in lLNvs, which is inversely correlated with the activity of lLNvs.
The amount of cell surface GABA A receptors was determined by the rates of receptor insertion and removal from the plasma membrane. A previous study showed that WAKE was able to upregulate RDL levels and promote the localization of RDL to the plasma membrane in a circadian CLOCK-dependent manner [9] . Thus, we questioned whether RDL also underwent rhythmic degradation. To test this hypothesis, we generated UAS-RDL-HA/+;c929-GAL4/tubulin-Gal80 ts flies and exposed adult flies to 30 C for 30 min to induce a pulse expression of RDL-HA and then reduced the temperature to 25 C to chase its level. Pulse-chase experiments revealed that newly synthesized Table S1. RDL-HA was largely degraded from ZT23 to ZT5 ( Figure 1C ). Next, we compared the degradation rate of RDL in early morning and in early night. Immunostaining revealed that the degradation rate of synthesized RDL-HA in lLNvs was faster in the early morning than that in the early night ( Figure 1D ). Taken together, these data demonstrate that RDL undergoes rhythmic degradation in lLNvs.
Fbxl4 Mediates RDL Ubiquitination and Degradation
The large intracellular loops of the GABA receptor g2 subunit, which is the mammalian homolog of RDL, have been shown to undergo ubiquitination and subsequent degradation [25] . [26] [27] [28] . We found that downregulation of Fbxl4, but not the others, resulted in the accumulation of expressed RDL-HA in lLNvs ( Figure S3A ). Interestingly, our yeast twohybrid screening using full-length Fbxl4 as bait also isolated an RDL cDNA fragment that encodes the large intracellular loop of RDL (RDL il ; Figure 2A ) [29] . These data indicate that Fbxl4 might mediate RDL degradation.
The above results encouraged us to further examine whether Fbxl4 mediates RDL ubiquitination and degradation. Thus, we created fbxl4-null mutant flies and generated a specific antibody against Fbxl4 (Figures S3B-S3E ). Immunofluorescence images showed strong anti-Fbxl4 staining in the lLNv somata and some unidentified neurons in the brain but weak staining in the sLNv somata ( Figures S3F and S3G ). In LNvs, Fbxl4 was located in somata and also appeared as puncta in the terminals of the accessory medulla ( Figures 2B and S3F ), similar to the distribution of endogenous RDL ( Figure S1A ) [19] . Immunoprecipitation experiments further proved that Fbxl4 associated with RDL in vivo ( Figure 2C ), and pull-down assay confirmed the association between Fbxl4 and the large intracellular loop of RDL ( Figure 2D ).
To assess whether Fbxl4 mediates RDL ubiquitination, we conducted an in vitro ubiquitination assay by incubating the purified His6-tagged intracellular loop of RDL with extracts from WT and fbxl4 mutant adult heads. We found that extracts from WT heads induced significant ubiquitination of His6-RDL il , whereas extracts from fbxl4 mutant heads was inefficient (Figure 2E) . We also performed an in vivo ubiquitination assay by co-expression of Fbxl4 with myc-tagged full-length RDL in S2R + cells. We consistently found that expression of Fbxl4 significantly increased RDL ubiquitination ( Figure 2F ). These results indicate that Fbxl4 promotes RDL ubiquitination.
Finally, we asked whether loss of Fbxl4 would lead to an accumulation of RDL in vivo. To address this question, we expressed RDL-HA in fbxl4 mutant lLNvs (fbxl4;c929-GAL4/UAS-RDL-HA). Compared to the control flies, the RDL-HA level in fbxl4 mutant was significantly increased ( Figure 2G ). We consistently found that endogenous RDL levels were elevated in fbxl4 mutant lLNvs ( Figure 2H ). Taken together, these results strongly indicate that Fbxl4 mediates RDL ubiquitination and degradation.
Expression of Fbxl4 Level Shows a Daily Oscillation Pattern in lLNvs
To explore the underlying mechanism for rhythmic RDL degradation, we first investigated whether specific levels of Fbxl4 are required for RDL degradation in vivo. We manipulated the Fbxl4 expression level via a heat shock promoter (p[HS::Fbxl4]) transgene and found that prolonged heat shock exposure resulted in the increased Fbxl4 protein levels accompanied by reduced RDL-HA levels ( Figures 3A and 3B) . These results indicate that Fbxl4 mediates RDL ubiquitination and degradation in a dose-dependent manner.
Next, we monitored Fbxl4 levels in lLNvs throughout 1 day. Immunostaining results showed that the Fbxl4 level declined during the day and reached a nadir around the day/night transition and then rose during the night and peaked at the night/day transition ( Figures 3C and 3D ). These results imply that the level of Fbxl4 in lLNvs is highly correlated with the degradation rate of RDL.
To explore how Fbxl4 levels achieve a daily cycle in lLNvs, we performed single-cell qRT-PCR to examine fbxl4 mRNA levels in lLNvs throughout 1 day. After labeling lLNvs with EGFP, we isolated lLNvs at different time points. We validated the successful isolation of lLNvs and single-cell qRT-PCR, as both tim and per mRNA levels showed a comparable transcriptional oscillation as previously reported ( Figure S4 ) [28] . Our single-cell qRT-PCR experiments revealed that fbxl4 mRNA levels in lLNvs exhibited transcriptional oscillation that was low during the day and high at night ( Figure 3E ). These results demonstrate that the transcription of fbxl4 gene oscillates in lLNvs.
Expression of Fbxl4 in lLNvs Is CLOCK Dependent, but Fbxl4 Does Not Function as a Core Clock Molecule
In Drosophila circadian neurons, the transcription of per and tim genes is regulated by the transcription factors CLOCK and CYCLE, which form heterodimers and bind to E-box elements present in the promoters of target genes to activate transcription [30] [31] [32] . Given that fbxl4 mRNA levels display a similar oscillation pattern as that of per and tim in lLNvs, we speculated whether the transcription of fbxl4 was directly regulated by CLOCK and CYCLE. Indeed, we found a canonical E-box (CACGTG; À361$À356) and two non-canonical E-boxes (CAGCTG; À425$À420 and À169$À164) in the $600-bp promoter region of fbxl4 ( Figure 4A ). Furthermore, we found that CLOCK and CYCLE were able to drive the expression of a luciferase reporter gene in cultured S2R
+ cells via a 627-bp fbxl4 promoter sequence that contains three E-box elements. However, a truncated promoter lacking two E-boxes (À361$À356 and À425$À420) and a promoter with mutations in two E-box elements (À361$À356 and À425$À420) failed to drive luciferase reporter expression ( Figure 4A ). These data indicate that the transcription of fbxl4 is directly regulated by CLOCK and CYCLE.
To provide further evidence that the daily oscillation of Fbxl4 is dependent on CLOCK activity, we examined Fbxl4 expression in Clk jrk mutant lLNvs. We found that the level of Fbxl4 remained low and failed to oscillate in Clk jrk mutant lLNvs ( Figure 4B ), which indicated that the expression of Fbxl4 in lLNvs was CLOCK dependent. We also examined the expression levels of Fbxl4 in per 01 mutant lLNvs, whose molecular clock has stopped with constitutively high CLK/CYC activity [33, 34] . We analyzed Fbxl4 expression levels in the constant dark (DD) condition to prevent any effect of light-mediated CRY degradation. In DD condition, Fbxl4 expression levels exhibited an oscillation in WT lLNvs, with low level at circadian time 12 (CT12) (time in DD) and high level at CT0 ( Figure 4C ). In contrast, Fbxl4 expression levels were high and constant in per 01 mutant lLNvs ( Figure 4C ), which supported that the expression of Fbxl4 in lLNvs was CLOCK dependent. Although Fbxl4 expression levels still exhibited an oscillation in DD condition, the amplitude of the oscillation was smaller than that in 12 hr light/12 hr dark (LD) condition ( Figures 3D and 4C ). These observations further suggest that both light and the CLOCK are required for Fbxl4 oscillations.
Given that Fbxl4 expression in lLNvs is CLOCK dependent, we next asked whether Fbxl4 is required for the circadian clock. Surprisingly, we found that, in constant darkness, the circadian period length and activity rhythm strength were normal in fbxl4 mutants ( Figure 4D ), which eliminates Fbxl4 as a core clock molecule. IQRs in the right panel. WT, n = 6; fbxl4, n = 7. Two-tailed Student's t tests were used to compare genotypes. ***p < 0.001. See also Figure S3 and Table S1 .
Fbxl4 Modulates the Excitability of lLNvs by Reducing GABA Sensitivity
Previous studies showed that the activity of lLNvs was circadian regulated and suppressed at night by inhibitory GABAergic inputs. Furthermore, there was a relative reduction in the spontaneous action potential firing rate (AP rate) and hyperpolarization of resting membrane potential (RMP) at night [20] [21] [22] [23] . To investigate whether loss of Fbxl4 would alter the excitability of lLNvs, we conducted whole-cell recordings. Compared with WT lLNvs, fbxl4 mutant lLNvs showed a reduced AP rate during the day (ZT1-ZT3) and at night (ZT13-ZT15) ( Figures 5A-5C ). However, fbxl4 mutant lLNvs showed comparable RMP and firing amplitudes to WT during the day and at night ( Figures 5D and 5E ). Therefore, lLNvs in fbxl4 mutants are hyperpolarized during the day and at night.
Because the activity of lLNvs is suppressed by inhibitory GABAergic inputs, the hyperpolarization of fbxl4 mutant lLNvs could be due to elevated GABA sensitivity. To test this possibility, we directly measured GABA-receptor-mediated currents in lLNvs. We found that fbxl4 mutant lLNvs exhibited significantly increased GABA currents compared to WT (Figures 5F, 5G, and S5). Convincingly, repression Fbxl4 expression with pdf-GAL4 also resulted in the increased GABA currents ( Figures  5F and 5G ). These results demonstrate that GABA sensitivity is largely increased in fbxl4 mutant lLNvs. Figures 6A  and 6D ), which was similar to that observed in female flies that overexpressed RDL [11, 35] . Compared to WT male flies, fbxl4 male flies exhibited significantly increased daytime sleep, whereas nighttime sleep was less affected (Figures S6A-S6D ). The lower impact on nighttime sleep could be due to a ceiling effect, as male flies have a high basal level of nighttime sleep. Similar results were observed in another fbxl4 mutant line, PBac{RB}Fbxl4 e02322 ( Figures 6B-6D) . Consistently, knockdown of Fbxl4 expression using pdf-GAL4 RNAi led to increased sleep time and shortened sleep onset latency (Figures S6E-S6H) . Conversely, overexpression of Fbxl4 in lLNvs resulted in a prolonged sleep latency and reduced nighttime sleep ( Figures  6E-6G) , which was similar to RDL-knockdown flies [11] . These data indicate that loss of Fbxl4 function results in falling asleep Figures 6H-6K ). Convincingly, compared to wake mutant male flies (CG45058, gene ID: 42676), fbxl4;wake double mutant male flies exhibited significantly increased duration in daytime sleep and nighttime sleep as well as shortened sleep onset latency ( Figures 6L-6O ). Taken together, these data demonstrate that the defective sleep in fbxl4 mutants is due to accumulation of GABA A receptors.
DISCUSSION
The activity of Drosophila pacemaker neurons is suppressed at night by inhibitory GABAergic inputs [20] [21] [22] [23] . In this study, we show that the cell surface expression of GABA A receptors exhibits a daily oscillation in lLNvs. The number of GABA A receptors on the surface of neurons is a critical determinant of the efficacy of synaptic inhibition [23, 35, 36] . Thus, the increased cell surface RDL level at dusk inhibits the lLNv arousal circuits, whereas the decreased cell surface RDL level at dawn relieves the inhibition of the lLNv arousal circuit. Previous microarray data showed that the rdl mRNA levels in lLNvs were constant throughout a day [28] , which excluded the possibility that the oscillation of RDL level was due to rhythmic transcription of the rdl gene. A recent study showed that WAKE upregulates RDL levels and promotes its localization to the plasma membrane at dusk [9] . In this study, we reveal that fbxl4 is transcriptionally regulated by CLOCK in lLNvs and Fbxl4 rhythmically promotes RDL ubiquitination and degradation, reduces the sensitivity of lLNvs to GABA signaling at dawn, and relieves the inhibition of the arousal circuit. WT: daytime, n = 12; nighttime, n = 11. fbxl4: daytime, n = 11; nighttime, n = 9.
(F) The responses of WT (dark), fbxl4 mutant (blue), and pdf>fbxl4 RNAi lLNvs (red) to puffer applications of 1 mM GABA at ZT1-ZT3. The membrane potentials of lLNvs were held at À90 mV, and the time point of puffing GABA is indicated with an arrow. (G) GABA currents in WT, fbxl4 mutant, and pdf>fbxl4 RNAi lLNvs are shown as boxplots with whiskers with maximum 1.5 IQRs. WT, n = 8. fbxl4
D45
, n = 8. pdf>fbxl4 RNAi , n = 7. Statistical comparisons are made by two-tailed Student's t tests. *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S5 and Table S1. 
(legend continued on next page)
Several GABA receptors have been shown to undergo ubiquitin-dependent degradation [25, 37, 38] . During the process of ubiquitination, the interaction between E3 ligase and its target molecule is a key step in determining its selectivity. Previous microarray data identified several potential E3 ligases expressed in lLNvs [26] [27] [28] . In this study, we showed that Fbxl4 promoted RDL ubiquitination and degradation in lLNvs. The ubiquitination sites for GABA A receptor g2 subunit, the mammalian homolog of RDL, have been mapped to the lysine residues within the large intracellular loop [25, 39] . We also found thirteen lysine residues in the large intracellular loop of RDL. Our in vitro studies showed that Fbxl4 associated with this large intracellular loop of RDL and mediated its ubiquitination. Because the fbxl4 mutant lLNvs still exhibited increased saturated GABA-gated currents at ZT13-ZT15 compared to ZT1-ZT3, it is possible that other E3 ligases may also be involved in RDL degradation.
The expression of Fbxl4 in lLNvs varies throughout the day, and its expression is CLOCK-dependent; however, Fbxl4 does not function as a core clock molecule because fbxl4 mutant flies exhibit the normal period length and activity rhythm strength in constant darkness. Similarly, the expression of WAKE is also dependent on the activity of CLOCK, although it is not a core clock molecule [9] . Interestingly, both WAKE and Fbxl4 regulate the expression of RDL, which indicates that RDL is the major target in the circadian clock that regulates the timing of sleep. Although the expression of Fbxl4 is dependent on the activity of CLOCK, Clk jrk mutant flies exhibited significantly reduced sleep, which is similar to that of wake mutants [9] . Without WAKE-promoted RDL upregulation, there are no sufficient substrates for Fbxl4-induced degradation. Thus, WAKE-promoted RDL upregulation could be the first step in achieving the daily oscillation of RDL. Taken together, these results outline a bicyclical model for how the circadian clock controls the level of RDL in lLNvs; that is, WAKE upregulates the RDL level at dusk to promote sleep, whereas Fbxl4 degrades RDL at dawn to facilitate arousal.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly genetics
Flies were raised at 25 C (except flies used for RDL-HA pulse expression in Figures 1C and 1D) [40] . The RNAi lines used in these studies were purchased from Tsinghua University; other flies were obtained from Bloomington Stock Center. To standardize the background, all flies were outcrossed for more than six generations with the w 1118 strain. Full genotypes of the flies shown in the main figures and supplemental figures are listed in Table S1 .
Generation of Transgenic Flies
To generate the Fbxl4 transgenes, the full length Fbxl4 cDNA was sub-cloned into the pUAST vectors and injected into w 1118 flies.
METHOD DETAILS Antibodies
Anti-Fbxl4 antibody was raised in rabbits against full length of Fbxl4 protein. Anti-RDL antibody was raised in rabbits against the predicted second intracellular loop of RDL (357aa-568aa). Anti-Nrv3 antibodies were generated in rabbits against a purified GST fusion fragment (96aa-176aa) of Nrv3 protein. Antiserum was purified by the His6-Nrv3 fusion protein. All three antibodies were generated by GenScript (Nanjing, China 
Immunostaining
For Fbxl4 staining, 12 h light/ 12 h dark cycle-entrained adult flies were collected and dissected at the indicated time-points. Dissected fly heads were fixed with 10% formaldehyde in PBS. After fixation and three washes with 0.3% Triton X-100 in PBS, fly heads were stained with anti-PDF (1:200) and anti-Fbxl4 (1:50) antibodies in PBS with 0.3% Triton X-100. Samples were imaged on an LSM 700 confocal microscope (Zeiss, Oberkochen, Germany). For RDL staining, 12 h light/ 12 h dark cycle-entrained adult flies were collected and dissected at ZT1-ZT3 and ZT13-ZT15, respectively. Dissected fly heads were fixed with 10% formaldehyde in PBS at room temperature for 40 mins. After three washes with 0.2% Triton X-100 in PBS, fly heads were blocked with 5% goat serum and 0.2% Triton X-100 in PBS at 4 C overnight. After three washes with 0.2% Triton X-100 in PBS buffer, fly heads were stained with the primary antibodies (mouse anti-PDF 1:300; rabbit anti-RDL serum 1:50) at 4 C overnight and secondary antibodies at room temperature for 2 hr. Samples were imaged on an LSM 700 confocal microscope (Zeiss).
ImageJ software (National Institutes of Health) was used for the quantification of Fbxl4 and RDL immunostaining in lLNvs from at least six brains. For quantification, signal intensity in each lLNvs and average signals in three neighboring noncircadian neurons were measured, and the ratio between signals in lLNvs and noncircadian neurons was calculated. Data are presented as means ± standard errors of the means from examined brains.
Coimmunoprecipitation
Heads from 50 pdf-GAL4/UAS-RDL-HA flies were homogenized on ice in 2.5 mL PBS with a protease inhibitor containing 1% CHAPS. The lysate was centrifuged for ten mins, the supernatant was incubated with beads conjugated with anti-HA antibody for 2 hr. After three washes with PBS containing 0.2% CHAPS, the bound complexes were eluted with 2 3 SDS sample buffer, subjected to SDS-PAGE and analyzed by western blotting.
Pull-down assay
His-tagged large intracellular loop of RDL (357aa-568aa) was expressed in Escherichia coli BL21 cells and purified with Ni-NTA agarose (QIAGEN, Valencia, CA, USA). Then His 6 -RDL il -coupled beads were incubated with the extracts from WT and fbxl4 mutant flies (in PBS containing 0.5% Triton X-100 and protease inhibitors), respectively. After three washes with PBS containing 0.3% Triton X-100, the proteins were subjected to SDS-PAGE and tested by western blotting.
In vitro and in vivo ubiquitination assay For in vitro ubiquitination assay, purified His6-RDL il fusion proteins (357aa-568aa), HA-Ubiquitin, the head extract from fbxl4 mutants, or the head extract from WT flies, were incubated at 25 C for 3 h in 30 mL reaction buffer (50 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 50 mM NaCl, 5 mM MgCl 2 , 2 mM ATP). All His6-RDL il proteins were then precipitated by Ni-NTA agarose and analyzed by western blotting. Drosophila S2R + cells were transfected with pAc5.1-Gal4 (250 ng), pUAST-RDL-myc (100 ng), pAc5.1-Fbxl4 (500 ng), and/or an equivalent amount of pAc5.1 empty vector as replacement using Effectene reagent (QIAGEN) in a 25 cm 2 flask. Cells were maintained at 25 C for 60 hr and supplemented with 10 mM MG132 (Sigma) for an additional 10 hr to inhibit proteasome-mediated degradation before proceeding with immunoprecipitation. Cells were lysed in 50 mL extraction buffer (20 mM HEPES, pH 7.5, 100 mM KCl, 5% glycerol, 10 mM EDTA, 1% Triton X-100, 1 mM DTT, 0.5 mM PMSF and Complete protease inhibitors (Roche, Indianapolis, IN, USA)) and precipitated with immobilized anti-myc antibodies. Antibody precipitates from 5 mL of cell extraction were loaded per lane for western blot analysis.
Yeast two-hybrid screen The yeast two-hybrid screening was performed according to the manufacturer's protocol for Matchmaker Gold Yeast Two-Hybrid System (Clontech, Mountain View, CA, USA). Briefly, the cDNA encoding full-length Fbxl4 was sub-cloned into the pGBKT7 vector (Clontech) to generate the bait plasmid (pGBKT7-BD-Fbxl4). The Gold Y2H System (Clontech, PT4084-1) and a Drosophila cDNA library (Clontech, 630485) were used for yeast two-hybrid screening. The plasmids retrieved from the positive clones were sequenced and identified using BLAST and the FlyBase database.
Electrophysiology
Whole-cell recording was performed as previously described [9, 23] . Briefly, PDF neurons were visualized by membrane expression of mCD8-GFP with pdf-Gal4 driver. Flies were maintained under a 12 h light/ 12 h dark cycle, and 3-day-old female flies were collected and quickly dissected under a light intensity of 4,000 lux in external solution. After gently removing the perineural sheath with fine tweezers, the dissected brains were incubated in standard external solution containing 50 U/mL papain and 1 mM L-cysteine at 37 C for 5 min, and then transferred to a submersion chamber and fixed with a platinum holder. The chamber was perfused with extracellular recording solution containing the following (in mM): 101 NaCl, 3 KCl, 1 CaCl 2 , 4 MgCl 2 , 5 glucose, 1.25 NaH 2 PO 4 , and 20.7 NaHCO 3 . The solution was saturated with 95% O 2 / 5% CO 2 throughout all recordings. For recordings at ZT13-ZT15, dissections were executed under dark conditions except for brain dissection, which was executed under a light intensity of 400 lux for < 90 s.
GFP-expressing lLNvs were visualized using an Olympus X51 microscope with a 40 3 water-immersion objective. Recording pipettes (6-9MU) were filled with solution containing the following (in mM): 102 K-gluconate, 0.085 CaCl 2 , 1.7 MgCl 2 , 17 NaCl, 0.94 ethylene glycol tetraacetic acid, and 8.5 HEPES adjusted to pH 7.3 and 235 mOsm. Signals were acquired using an Axon-700B amplifier (Molecular Devices, Sunnyvale, CA, USA), digitized at 10 kHz using a Digidata 1440 System (Molecular Devices), and filtered at 2 kHz.
Spontaneous firing was recorded in I-clamp mode (I = 0), and 30 s traces of each recording were analyzed. For measurement of GABA currents, PDF neurons were clamped at either À30 mV or À90 mV, and puffs of 1 mM GABA lasting 100 ms were applied to neurons using a Picospritzer (PV820; WPI, Sarasota, FL, USA). To measure GABA currents when lLNvs were clamped at À90 mV, the internal solution (102 mM potassium gluconate, 0.085 Mm CaCl 2 , 0.94 mM EGTA, 8.5 mM HEPES, 4 mM Mg-ATP, 0.5 mM Na-GTP, and 17 mM NaCl, pH 7.2) was used. The puffing pipettes were set $50 mm from the neurons. The pressure applied (4 psi) was sufficient to allow GABA to rapidly reach the neurons without producing artifacts. For all electrophysiological experiments, the recorder was blinded to the fly genotype, only one neuron per fly was used and more than six lLNvs were recorded for each genotype and condition.
Single cell RT-PCR assay PDF neurons were visualized by membrane expression of mCD8-GFP with the pdf-Gal4 driver. After gently removing the perineural sheath with fine tweezers, the dissected brains were incubated in standard external solution containing 50 U/mL papain and 1 mM L-cysteine at 37 C for ten min. To facilitate cell dissociation, the tissue was gently dissected into several pieces. After dissociation, GFP-positive somata were identified using an Olympus X51 microscope with a 40 3 water-immersion objective. A custom-made microcapillary system was used to aspirate single GFP-positive cells and transfer the cell to a 200 mL PCR tube in a volume of approximately 2 mL. Reverse transcription was carried out in a 20 mL reaction according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA) using the SuperScript III First-Strand Synthesis System. Random hexamers were used as primers for RT. After the treatment of RNase H at 37 C for 20 min, the RT products were stored at À20 C for subsequent analysis. For PCR amplification, 1-2 mL (equivalent to 1/10-1/20 of a single cell) of the RT products was used as a template and real-time PCR reactions were conducted by using One Step SYBR PrimeScript RT-PCR Kit (TaKaRa). The sizes of the PCR products were examined by DNA gel electrophoresis (2% agarose).
Sleep and circadian analysis
All behavior analyses were performed on female flies unless explicitly indicated. More than 50 virgin female flies were collected and raised together in LD-entrained cultures for 3 days. For each genotype group, sixteen flies were randomly selected from the collection and individual flies were placed in 65 3 5 mm glass tubes containing 5% sucrose/1.5% agarose. Locomotor activity was measured for 5-6 d at 25 C during LD cycles using DAM2 monitors (Trikinetics, Los Angeles, CA, USA) in a DigiTherm CircKinetics incubator (Tritech Research). Dead flies were excluded from the data analysis, and more than 32 flies were examined for each genotype and condition. Data were collected in one min bins, and a sliding window was applied. Sleep was defined as five consecutive minutes of inactivity. Sleep latency was measured from the time of lights off to the onset of the first sleep episode. Data were analyzed with pySolo software.
For circadian analysis, locomotor activity of individual flies was monitored under light-dark (LD) condition for 4 days followed by constant darkness (DD) for 7 days as previously described [45] . Dead flies were excluded from the data analysis, and more than 20 flies were examined for each genotype and condition. Activity records were analyzed with Clocklab software (Actimetrics, Wilmette, IL, USA). Power is a measure of rhythm amplitude and corresponds to the height of the periodogram peak above the significance line. For all sleep and circadian analyses, the data analyst was blinded to the fly genotype.
Luciferase assay Drosophila S2R
+ cells (Cat#150; Drosophila Genomics Resource Center, Indiana University, Bloomington, IN, USA) were cultured at 25 C in Schneider's medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin and split every 3-4 days to maintain appropriate cell density. Transient transfections were performed in 6-well plates using Effectene transfection reagent (QIAGEN) according to the manufacturer's instructions. The constructs were introduced into S2R+ cells together with either pAC5.1 empty vector or pAC5.1-clk DNA [43] . For dual-luciferase reporter assay, cells were harvested 36 hr post-transfection and lysed in 1 3 passive lysis buffer. Firefly and Renilla luciferase activity was measured by a luminometer using the Dual-Luciferase Assay Reporter System (Promega, Madison, WI, USA) following the manufacturer's instructions. Promega pRL was used to normalize transfection efficiency, and firefly luciferase activity relative to Renilla luciferase was calculated based on at least three independent triplicate experiments.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using Microsoft Excel. Boxplots were generated using GraphPad Prism 5. Data are presented as means ± standard errors of the means (SEMs). For statistical analysis of the data with normal distributions, two-tailed Student's t tests were used to compare conditions or genotypes. Statistical significance was set as: * p < 0.05, ** p < 0.01, *** p < 0.001; ns, no significance, p > 0.05.
